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,QWURGXFWLRQ
&OXVWHULQJLVDQXQVXSHUYLVHGOHDUQLQJWHFKQLTXHXVHGWRFODVVLI\WKHGDWD0DQ\SUREOHPVLQGLIIHUHQWDUHDVOLNHGDWD
PLQLQJ >@GDWDFRPSUHVVLRQ >@SDWWHUQ UHFRJQLWLRQ >@KDYHEHHQVROYHGXVLQJFOXVWHULQJ WHFKQLTXH&OXVWHULQJ
EDVLFDOO\LQYROYHVFKRRVLQJWKHNFOXVWHUFHQWUHVDURXQGZKLFKWKHGDWDLVFOXVWHUHG7KHFOXVWHUFHQWUHVDUHFKRVHQ
UDQGRPO\ IURP WKH GDWD VHW 6HOHFWLQJ WKH FHQWUHV FDUHIXOO\ FDQ DIIHFW RXU UHVXOW   *HQHWLF DOJRULWKPV DUH WKH
FRPSXWDWLRQDOPRGHOVWKDWDUHEDVHGRQELRORJLFDOHYROXWLRQ>@>@*HQHWLFDOJRULWKPVFRPHXQGHUWKHFDWHJRULHV
RI HYROXWLRQDU\ DOJRULWKPV DQG DUH JHQHULF SRSXODWLRQ EDVHG PHWDKHXULVWLF RSWLPL]DWLRQ DOJRULWKPV >@ *HQHWLF
DOJRULWKP >@ZDV ILUVW SURSRVHG DQGGHYHORSHGE\ -RKQ+ROODQG LQ*HQHWLF DOJRULWKPEDVHG DSSURDFKKDV
EHHQXVHGIRUFODVVLILFDWLRQWDVNLQGDWDPLQLQJ>@,WKDVEHHQXVHGWRH[WUDFWIHDWXUHV>@>@,WLVDOVRXVHGWR
GLVFRYHUNQRZOHGJHIURPGDWDEDVHE\FRPELQLQJZLWKQHXUDOQHWZRUN>@)X]]\FODVVLILFDWLRQEDVHGPRGHOVKDYH
EHHQSURSRVHG LQSDSHU>@>@ZKLFKDUHEDVHGRQJHQHWLFDOJRULWKPV*HQHWLFDOJRULWKPVDUHXVHG WRGHYHORS
IDFHUHFRJQLWLRQV\VWHPVDQGGLVFRYHULQJUXOHVIURPELRORJLFDOGDWD>@>@DQG>@*HQHWLFDOJRULWKPVDUHDOVR
XVHGIRUFOXVWHULQJWDVNRIGDWDPLQLQJ>@7KHFKURPRVRPHVDUHVHOHFWHGUDQGRPO\DVWKHFOXVWHUFHQWUH
*HQHWLFDOJRULWKPEDVLFDOO\ZRUNV LQ LWHUDWLYHPDQQHUDQGJHQHUDWHV WKHQHZSRSXODWLRQ IURP WKHROGSRSXODWLRQ
(DFK VWULQJ LQ WKH SRSXODWLRQ LV UHSUHVHQWHG LQ ELQDU\ IRUP *HQHWLF DOJRULWKP LQYROYHV WKUHH JHQHWLF RSHUDWRUV
QDPHGVHOHFWLRQFURVVRYHUDQGPXWDWLRQDQGDSSOLHVWKHVHRSHUDWRUVRQWKHLQLWLDOSRSXODWLRQVWULQJVWRSURGXFHD
QHZJHQHUDWLRQRIVWULQJV7KLVLWHUDWLYHSURFHVVLPSURYHVWKHTXDOLW\RIWKHVROXWLRQVXFFHVVLYHO\7KHSURFHVVHQGV
ZKHQDQRSWLPDOVROXWLRQLVIRXQG)LJXUHVKRZVKRZJHQHWLFDOJRULWKPLWHUDWLYHO\ILQGVWKHVROXWLRQWRDSUREOHP
7KHWKUHHEDVLFRSHUDWRUVSHUIRUPWKHIROORZLQJIXQFWLRQDOLWLHV
 6HOHFWLRQ 6HOHFWLRQ RSHUDWRU VHOHFWV D SURSRUWLRQ RI WKH H[LVWLQJ SRSXODWLRQ WR SURGXFH D QHZ SRSXODWLRQ
6HOHFWLRQFULWHULDLVEDVHGRQWKHYDOXHRIWKHILWQHVVIXQFWLRQLHSRSXODWLRQZLWKJRRGILWQHVVYDOXHLVVHOHFWHG
IRUFURVVRYHUDWQH[WVWHS)LWQHVVIXQFWLRQLVWKHSUREOHPGHSHQGHQWKHXULVWLFIXQFWLRQDQGPHDVXUHVWKHTXDOLW\
RIWKHVROXWLRQ
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 &URVVRYHU7KLVRSHUDWRU LV XVHG WRJHQHUDWH WKHQHZSRSXODWLRQZKHQ WKHSDUHQW SRSXODWLRQ LV FURVVRYHU ,Q
FURVVRYHUDUDQGRPSRLQWDORQJWKHOHQJWKRIFKURPRVRPHVLVVHOHFWHGDQGJHQHVRIRQHFKURPRVRPHDIWHUWKLV
SRLQW DUH VZDSSHG ZLWK WKH JHQHV RI DQRWKHU FKURPRVRPH 'LIIHUHQW PHWKRGV DUH XVHG IRU VHOHFWLRQ RI
FKURPRVRPHV EHIRUH DSSO\LQJ FURVVRYHU RSHUDWRU OLNH URXOHWWH ZKHHO VHOHFWLRQ UDQN VHOHFWLRQ WRXUQDPHQW
VHOHFWLRQ HWF 0DQ\ FURVVRYHU WHFKQLTXHV DUH XVHG GHSHQGLQJ RQ WKH VHOHFWLRQ RI SRLQW DORQJ WKH OHQJWK RI
FKURPRVRPHHJVLQJOHSRLQWFURVVRYHUWZRSRLQWFURVVRYHUFXWDQGVOLFHHWF>@

 0XWDWLRQ 0XWDWLRQ RSHUDWRU LV XVHG WR SURYLGH VWRFKDVWLFLW\ WR WKH VROXWLRQ DQG PDLQWDLQ JHQHWLF GLYHUVLW\
EHWZHHQ WKH WZRJHQHUDWLRQV ,QPXWDWLRQDQDUELWUDU\ELW LVFKDQJHGIURPLWV LQLWLDOVWDWH'LIIHUHQWPXWDWLRQ
W\SHV LQYROYH ELW VWULQJ PXWDWLRQ *DXVVLDQ PXWDWLRQ QRQXQLIRUP PXWDWLRQ HWF >@ 0XWDWLRQ RSHUDWRU
SUHYHQWVWKHORFDOPLQLPDE\DYRLGLQJWKHFKURPRVRPHSRSXODWLRQIURPEHLQJVLPLODU
7KHVHWKUHHRSHUDWRUVDUHDSSOLHGLWHUDWLYHO\XQWLOWKHRSWLPL]HGVROXWLRQLVIRXQGVWDUWLQJIURPWKHLQLWLDOSRSXODWLRQ
ZKLFKLVVHOHFWHGDWUDQGRP:HKDYHSURSRVHGDQDSSURDFKWRVHOHFWWKHLQLWLDOSRSXODWLRQXVLQJILUHIO\DOJRULWKP
UDWKHUWKDQVHOHFWLQJLWUDQGRPO\,QWKLVDSSURDFKVRPHVHWVRIUHSUHVHQWDWLYHDUHFKRVHQWKDWUHSUHVHQWWKHZKROH
SRSXODWLRQDQGSURYLGHEHWWHUVROXWLRQ
$IWHUDEULHILQWURGXFWLRQWRWKHFOXVWHULQJDQGJHQHWLFDOJRULWKPLQVHFWLRQ,ZHKDYHGLVFXVVHGWKHZRUNLQJRIILUH
IO\DOJRULWKPLQVHFWLRQ,,6HFWLRQ,,,GHVFULEHVWKHILUHIO\EDVHGLPSURYHGJHQHWLFDOJRULWKP)$*DOJRULWKP,Q
VHFWLRQ,9WKHSHUIRUPDQFHRIWKH)$*DOJRULWKPLVHYDOXDWHGDQGWKHUHVXOWVDUHFRPSDUHGZLWKJHQHWLFDQGILUHIO\
DOJRULWKPV6HFWLRQ9FRQFOXGHVWKHSDSHUDQGGLVFXVVHVGLUHFWLRQVIRUIXWXUHZRUNV
)LUHIO\$OJRULWKP
)LUHIO\DOJRULWKP)$SURSRVHGE\;LQ6KH<DQJLVPHWDKHXULVWLFDOJRULWKPZKLFKLVDELRORJLFDOO\LQVSLUHGDQG
LVLQVSLUHGIURPWKHIODVKLQJEHKDYLRURIILUHIOLHV>@7KLVRSWLPL]DWLRQWHFKQLTXHLVEDVHGRQWKHIDFWWKDWWKHHDFK
ILUHIO\DWWUDFWVWRRWKHUILUHIO\RQWKHEDVLVRIWKHEULJKWQHVVLHILUHIO\ZLWKORZEULJKWQHVVLVDWWUDFWHGWRZDUGILUHIO\
ZLWKPRUH EULJKWQHVV DQG KHQFH VHDUFK VSDFH LV H[SORUHG HIILFLHQWO\<DQJ DSSOLHG WKH )$ DOJRULWKP IRU VROYLQJ
OLQHDUGHVLJQSUREOHPDQGPXOWLPRGDORSWLPL]DWLRQSUREOHP
$ILUHIO\DOJRULWKPIROORZVWKUHHEDVLFUXOHV,WFRQVLGHUVWKDWDOOILUHIOLHVDUHXQLVH[7KXVWKH\DWWUDFWHDFKRWKHU
ZLWKRXW UHJDUGLQJ WKHLU VH[  (DFK ILUHIO\ DWWUDFWV WR RWKHU ILUHIO\ ZKLFK LV SURSRUWLRQDO WR WKH EULJKWQHVV RI
LQGLYLGXDO ILUHIO\ 6R OHVV EULJKW ILUHIO\ DWWUDFWV WRZDUG EULJKWHU ILUHIO\ DQG KHQFH GHFUHDVH WKH GLVWDQFH EHWZHHQ
WKHP7KLVEULJKWQHVVLVDPHDVXUHRIREMHFWLYHIXQFWLRQ7KHREMHFWLYHIXQFWLRQLVSUREOHPGHSHQGHQW IXQFWLRQ
DQGFKDQJHVSUREOHPWRSUREOHP3VHXGRFRGHVKRZVWKHSURFHVVKRZILUHIO\DOJRULWKPZRUNV
7KHOLJKWLQWHQVLW\RIHDFKILUHIO\GHWHUPLQHLWVEULJKWQHVVDQGKHQFHLWVDWWUDFWLYHQHVV$WWUDFWLYHQHVVRIWKHILUHIO\LV
FDOFXODWHGXVLQJHTXDWLRQ
ȕU ȕHȖU       

:KHUHȕPHDVXUHVWKHDWWUDFWLYHQHVVDWU DQGLVXVXDOO\VHOHFWHGDVȖUHSUHVHQWVOLJKWDEVRUSWLRQFRHIILFLHQW
ULMLVWKH&DUWHVLDQGLVWDQFHEHWZHHQWZRILUHIOLHVLDQGMDWORFDWLRQ[LDQG[MUHVSHFWLYHO\LQWKHVSDFH7KHPRYHPHQW
RIWKHILUHIO\LLQWKHVSDFHZKLFKLVDWWUDFWHGWRZDUGDQRWKHUILUHIO\MLVGHILQHGE\XVLQJHTXDWLRQ

;L [LȕHȖUĮUDQG±      

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:KHUH Į LV WKH UDQGRPL]DWLRQ SDUDPHWHU LQ LQWHUYDO > @ DQG UDQG LV UDQGRP QXPEHU JHQHUDWRU ZLWK QXPEHUV
XQLIRUPO\GLVWULEXWHGLQUDQJH>@3DUDPHWHUȖFRQWUROVWKHYDULDWLRQLQDWWUDFWLYHQHVVDQGGHILQHFRQYHUJHQFH,Q
PRVWRIFDVHVLWVYDOXHVOLHLQUDQJH>@
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
3VHXGRFRGH)LUHIO\DOJRULWKP

)LUHIO\%DVHG*HQHWLF$OJRULWKP)$*$OJRULWKP
$VGLVFXVVHGLQLQWURGXFWLRQVHFWLRQJHQHWLFDOJRULWKPLWHUDWLYHO\ILQGVWKHRSWLPXPVROXWLRQWRDSUREOHPVWDUWLQJ
XVLQJ D UDQGRP SRSXODWLRQ RI FKURPRVRPH 7KLV UDQGRP SRSXODWLRQ VHOHFWLRQ VWHS LV SHUIRUPHG XVLQJ ILUHIO\
DOJRULWKPZKHUHWKHUHSUHVHQWDWLYHFKURPRVRPHVIURPWKHLQLWLDOO\VHOHFWHGUDQGRPSRSXODWLRQDUHFKRVHQDVYHU\
ILUVWSRSXODWLRQWRVWDUWWKHJHQHWLFDOJRULWKPSURFHVV7KHVHUHSUHVHQWDWLYHFKURPRVRPHVDUHVHOHFWHGJOREDOO\XVLQJ
ILUHIO\DOJRULWKP)LUHIOLHVZLWKJOREDOEHVWSRVLWLRQFRQVWLWXWHWKHLQLWLDOSRSXODWLRQRIFKURPRVRPHV
7KH LQLWLDO SRSXODWLRQ LV SDUWLWLRQHG LQWRGLIIHUHQW VHWV RU FOXVWHU DQG WKH ILUHIO\ DOJRULWKP LV XVHG WR FRPSXWH WKH
FHQWHURIHDFKFOXVWHU7KLV FHQWUHZLOO UHSUHVHQW WKHZKROHFOXVWHURU VHWRISRSXODWLRQDQGZLOOSDUWLFLSDWH LQ WKH
JHQHWLFDOJRULWKPSURFHVV3VHXGRFRGHVKRZVKRZWKHZKROHSURFHVVLVSHUIRUPHG
3VHXGRFRGHJLYHVDQDEVWUDFWLGHDRIWKHSURSRVHGDSSURDFK7KH)$*DOJRULWKPLVGLYLGHGLQWRWZRVWDJHV,Q
ILUVWVWDJH)LUHIO\DOJRULWKP)$LVDSSOLHGWRGLIIHUHQWVHWVRILQLWLDOO\VHOHFWHGUDQGRPSRSXODWLRQ7KHSDUDPHWHUV
VHOHFWLRQIRU)$LV
3RSXODWLRQ6L]H 
,QQHUORRSLWHUDWLRQV 
Ȗ ȕ Į 
7R FDOFXODWH WKH JOREDO EHVW SRVLWLRQ WKH DWWUDFWLYHQHVV RI RQH ILUHIO\ WRZDUG DQRWKHU LV GHILQHG XVLQJ HTXDWLRQ 
JLYHQEHORZ>@

[L [LȕHȖLM[M±[LȕHȖLJEHVW[EHVW[LĮUDQG±      
)LUHIO\DOJRULWKP
3DUDPHWHUV,QLWLDOL]DWLRQ
W 
0D[B*HQHUDWLRQWKHPD[LPXPQXPEHURIJHQHUDWLRQV
2EMHFWLYHIXQFWLRQI[ZKHUH[ [[G
,QLWLDOSRSXODWLRQRIILUHIOLHVRU[LL Q
/LJKWLQWHQVLW\,LIRUHDFKILUHIO\DW[LYLDI[L
:KLOHW0D[B*HQHUDWLRQ
)RUL WRQ
)RUM WRQ
,I,M!,LPRYHILUHIO\LWRZDUGVMHQGLI
(YDOXDWHQHZVROXWLRQVDQGXSGDWHOLJKWLQWHQVLW\
(QGIRUM
(QGIRUL
5DQNWKHILUHIOLHVDQGILQGWKHFXUUHQWEHVW
(QGZKLOH
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
:KHUHJEHVWLVWKHJOREDORSWLPDODQG[EHVWLVWKHJOREDOEHVWSRVLWLRQRIWKHILUHIO\
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
3VHXGRFRGH,PSURYHG*HQHWLF$OJRULWKP

7KHILUVWVWDJHUHVXOWVLQWRWKHJHQHUDWLRQRIFKURPRVRPHWKDWUHSUHVHQWVZKROHVHW7KHVHFKURPRVRPHVDUHQRWKLQJ
EXW WKH ILUHIO\ ZLWK JOREDO EHVW SRVLWLRQ FDOFXODWHG XVLQJ )$ DOJRULWKP 7KHVH FKURPRVRPHV QRZ SODFHG LQ WKH
PDWLQJSRROIURPZKHUHWKHVHWDNHSDUWLQFURVVRYHUDQGPXWDWLRQSURFHVVRIWKHJHQHWLFDOJRULWKP

 ([SHULPHQW$QG5HVXOW

([SHULPHQWVKDYHEHHQFRQGXFWHGRQIRXUSXEOLFO\DYDLODEOHGDWDVHWVQDPHO\,ULVJODVVEUHDVWFDQFHUDQGZLQHIURP
8&,PDFKLQHUHSRVLWRU\>@7KHWDEOHEHOORZVXPPDUL]HVWKHFKDUDFWHULVWLFVRIWKHVHGDWDVHWV
&ROXPQVVSHFLI\WKHQRRIVDPSOHWKHQRRIDWWULEXWHVDQGFODVVHVRIHDFKGDWDVHW






6WDUW
3DUDPHWHULQLWLDOL]DWLRQ
'HILQHVVHWVRILQLWLDOUDQGRPVHOHFWHGSRSXODWLRQ
W 
0D[B*HQHUDWLRQWKHPD[LPXPQXPEHURIJHQHUDWLRQV
2EMHFWLYHIXQFWLRQI[ZKHUH[ [[G
,QLWLDOSRSXODWLRQRIILUHIOLHVRU[LL Q
/LJKWLQWHQVLW\,LIRUHDFKILUHIO\DW[LYLDI[L
)RUHDFKVHWWRV
:KLOHW0D[B*HQHUDWLRQ
)RUL WRQ
)RUM WRQ
,I,M!,LPRYHILUHIO\LWRZDUGVMHQGLI
(YDOXDWHQHZVROXWLRQVDQGXSGDWHOLJKWLQWHQVLW\
(QGIRUM
(QGIRUL
5DQNWKHILUHIOLHVDQGILQGWKHJOREDOEHVWDQGILQGWKH
SRVLWLRQRIWKHILUHIO\ZLWKJOREDOEHVW
(QGZKLOH
(QGIRUHDFK
$SSO\JHQHWLFDOJRULWKPZLWKWKHFDOFXODWHGQHZ
UHSUHVHQWDWLYHFKURPRVRPHV
(QG
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   7DEOH'DWDVHWV
'DWD6HW ,QVWDQFHV $WWULEXWHV &ODVVHV
,ULV   
*ODVV   
%UHDVW&DQFHU   
:LQH   

7KH UHVXOWV RI )$* DOJRULWKPV DUH FRPSDUHG WR JHQHWLF DQG ILUHIO\ DOJRULWKP &RPSDULVRQ VWXG\ VKRZV WKDW WKH
UHVXOWVDUHYHU\VDWLVIDFWRU\
7DEOH  DQG WDEOH  VXPPDUL]H WKH UHVXOW REWDLQHG ZKLOH FDOFXODWLQJ WKH LQWHU FOXVWHU GLVWDQFH DQG LQWUD FOXVWHU
GLVWDQFHIRUHDFKRIWKHDOJRULWKPRYHUWKHGLIIHUHQWGDWDVHWV,WLVFOHDUIURPWDEOHWKDWWKHUHVXOWVDUHPXFKEHWWHULQ
FDVHRI)$*DOJRULWKPWKDQRWKHUWUDGLWLRQDODOJRULWKPV

7DEOH&RPSDULVRQRILQWHUFOXVWHUGLVWDQFH
$OJRULWKP )LUH)O\
$OJRULWKP
*HQHWLF
DOJRULWKP
)$*
$OJRULWKP
,ULV   
*ODVV   
%UHDVW
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
%UHDVW&DQFHU   
:LQH   

)LJXUHDDQGEVKRZWKHLQWHUFOXVWHUGLVWDQFHDQGLQWUDFOXVWHUGLVWDQFHFRPSDULVRQJUDSKRI)$*DOJRULWKP
DQGUHYHDOVWKDWWKHLQWHUFOXVWHUGLVWDQFHLQ)$*DOJRULWKPLVPRUHWKDQWKHILUHIO\DOJRULWKPDQGJHQHWLFDOJRULWKP

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)LJ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D,QWHUFOXVWHUGLVWDQFHE,QWUDFOXVWHUGLVWDQFH

 &RQFOXVLRQ$QG)XWXUH:RUN
,Q WKLV SDSHU ZH KDYH SURSRVHG DQG LPSOHPHQWHG )$* DOJRULWKP IRU VHOHFWLQJ WKH LQLWLDO SRSXODWLRQ WDNLQJ
SDUWLFLSDWLRQLQJHQHWLFDOJRULWKPDQGGHWDLOHGKRZILUHIO\DOJRULWKPFDQEHXVHGWRLPSURYHWKHJHQHWLFDOJRULWKP
E\XVLQJLWWRVHOHFWLQLWLDOUDQGRPSRSXODWLRQRIFKURPRVRPH7KLVDOJRULWKPDOVRUHVXOWVLQJOREDORSWLPL]DWLRQDW
LQLWLDOVWDWHRIJHQHWLFDOJRULWKPDQGSUHYHQWIURPJHWWUDSSHGLQORFDOPLQLPD7KHH[SHULPHQWVDUHFRQGXFWHGRQ
GDWDVHWVWDNHQIURP8&,PDFKLQHUHSRVLWRU\DQGFRPSDULVRQVUHYHDOWKDWWKHUHVXOWVDUHPXFKVDWLVIDFWRU\ZLWK)$*
DOJRULWKP
)XWXUHZRUN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